Introduction Oxidative damage of the retinal pigment epithelium (RPE) may play a role in the development and progression of age-related macula degeneration (ARMD). Therapeutic reduction of oxidative stress failed or had only slight effects in ARMD patients. This study evaluates antiapoptotic properties of erythropoietin (epo) at the RPE as a novel approach to protect RPE cells against oxidative damage. Materials and Methods Cultured ARPE-19 cells were exposed to hydroxyl (OH) radicals generated from H 2 O 2 under catalysis of Fe
Introduction Oxidative damage of the retinal pigment epithelium (RPE) may play a role in the development and progression of age-related macula degeneration (ARMD). Therapeutic reduction of oxidative stress failed or had only slight effects in ARMD patients. This study evaluates antiapoptotic properties of erythropoietin (epo) at the RPE as a novel approach to protect RPE cells against oxidative damage. Materials and Methods Cultured ARPE-19 cells were exposed to hydroxyl (OH) radicals generated from H 2 O 2 under catalysis of Fe 3+ (Fenton reaction) for 5 min. Apoptosis rate was determined by Annexin V labelling and terminal deoxynucleotidyl transferasemediated dUTP nick end labelling assay. Epo was added in concentrations from 0 to 100 U/ml to the media 24 and 1 h before radical exposure as well as shortly after radical exposure. Expression of epo receptor was determined by western blotting. Results Hydroxyl radical exposure induced an increase of apoptosis rate from virtually 0 to 11.8±1.7%. Apoptosis was detectable up to 24 h after radical exposure and reached its maximum after 6 h. Epo reduced apoptosis rate by up to 88% even if applied after the radical exposure. Best protection was achieved at 5 U/ml epo. Western blot confirmed presence of epo receptor independent of a preincubation of the cells with epo. Discussion Epo exerts antiapoptotic effects on cultured RPE cells even if applied after the radical exposure. This might qualify epo as future candidate for therapy and prevention of dry ARMD.
Introduction
Altered retinal pigment epithelium (RPE) function and apoptosis is thought to play a key role in the development of age-related macula degeneration (ARMD). 1 There are many indications that oxidative stress contributes to the ARMD-associated RPE changes. 2 The RPE has, even under normal conditions, a particular pronounced risk for oxidative damage due to its location in a highly oxygenated environment close to the choroid and its exposure to high levels of focused visible light. 1 In ARMD, susceptibility of RPE to lightFparticularly to short-wavelength blue lightFand subsequent oxidative damage is potentiated by lipofuscin in drusen and RPE cells, as lipofuscin contains fluorophores, such as A2E, which promotes the generation of radicals under the influence of blue light. 3, 4 Thus, there exists a vicious circle of light exposure, lipofuscin accumulation and oxidative stress, which should be interrupted to stop ARMD progression. 5 Removal of lipofuscin is impossible and filtering blue light by specific glasses or by blue filter intraocular lenses were tried but have not brought a breakthrough. In addition, numerous trials were performed to investigate effectiveness of antioxidative therapy. These clinical studies showed a large variability in their results and were able to show only slight beneficial effects in certain sub-populations of ARMD patients. 6 An alternative idea would be to target the downstream cellular effects of oxidative stress, for example, apoptosis. In this study, it is hypothesised that erythropoietin (epo) prevents radical-induced apoptosis in RPE cells. Although antiapoptotic and trophic properties of epo have been shown in several tissues, including the brain and the retina, no data are available regarding the epo effect on the RPE.
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Materials and methods
Cell culture
ARPE-19 cells, a spontaneously proliferating human RPE cell line, were seeded in 24-well plates and cultured in complete culture medium consisting of DMEM/F12 (1 : 1) medium (GIBCO, Invitrogen, Grand Island, NY, USA), containing 10% fetal bovine serum, glutamine, pencillin/streptomycin, insulin-transferrin-selenite (Roche), non-essential amino acids and HEPES buffer (1M), and incubated in tissue culture incubator with humidified atmosphere of 5%CO 2 and 95% air at 371C.
Radical exposure
Radical exposure was done with confluent ARPE-19 cell cultures. Cell culture medium was exchanged for a Krebs-Henseleit buffer (118 mM NaCl, 5 mM KCl, 1.2 mM MgCl 2 , 1.2 mM Na 2 SO 4 , 2 mM NaH 2 PO 4 ) 1 h before radical exposure. This was done to eliminate the potential antioxidative effects of components of the medium. Hydroxyl radicals (OH radicals) were generated by the Fenton reaction from 0.75 mM H 2 O 2 and 10 mM of the iron redox chelate Fe 3 þ /nitrilotriacetate (Fe-NTA):
The sum reaction of (1) and (2) is the Fenton reaction:
The infusion of OH radicals into the plates was performed as described elsewhere. 11 Briefly, a specifically designed superfusion cell culture system was used to ensure stable radical concentrations during the radical exposure, which lasted 5 min in the presented experiments. This system was evaluated by NMR technology and was shown to generate OH-radical concentrations in pathophysiological relevant concentrations. 12 According to this work, 0.75 mM H 2 O 2 and 10 mM Fe-NTA were taken as reference concentration. To increase the radical dosage H 2 O 2 and Fe-NTA concentrations were increased proportional. In the manuscript, concentrations of radicals are expressed as multiples of the reference concentration. After withdrawal of the radicals, the cell culture was set back to the normal media. Apoptotic cell death was monitored up to 24 h after OH-radical exposure.
Protective effect of recombinant human epo
A quantity of 40 000 U/ml of recombinant human Epo (rhEpo; gift of Janssen-Cilag, Neuss, Germany) were diluted to 10 U/ml with sterile 150 mM saline solution, aliquoted, and then kept in a refrigerator. The ARPE-19 cell culture medium was replaced by rhEpo-containing medium at final concentrations of 0, 1, 5, 10, 100 U/ml, respectively for 24 h before exposure to OH radicals. For post-treatment, the cultures were treated with 0.1, 1, 5, 10, 100 IU/ml immediately after the application of OH radicals. ) the medium was changed to another flask containing 1 U/ml of rhEpo and incubated at 371C for 10 min. On ice, medium was removed and the cells were washed twice with ice-cold PBS and then lysed by adding 500 ml of 10 mM Tris-HCl (pH 7.5)/150 mM NaCl/5 mM EDTA/40 mM NaF/1 mM Na 3 VO 4 /1% Nonidet P-40/1% sodium deoxycholate/0.1% SDS/ 10 mM leupeptin/1 mM PMSF, and complete protease inhibitor. The adherent cells were scraped off from the flask using cold plastic scraper and then the cells were incubated on ice for 30 min. The cell lysate was collected after centrifugation for 30 min at 14 000 r.p.m. The protein concentration was measured by BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA). The cell lysate (25 mg) was boiled in Laemmli buffer and electrophoresed under reducing conditions on 12% polyacrylamide gels. Proteins were then transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked in 5% non-fat dried milk for 1 h, washed in 20 mM Tris-buffered saline (pH 7.5) containing 0.05% Tween-20 (TBST) and probed with polyclonal rabbit antihuman Epo-R Ig (Santa Cruz Biotechnology, 1 : 200 dilution) overnight at 41C. Membranes were washed with TBST and then incubated for 1 h at room temperature with horseradish peroxidase conjugated polyclonal goat anti-rabbit Ig (Dako, 1 : 1000 dilution), followed by washing three times with TBST. The antigen Epo-R was detected using Immobilon Western Chemiluminescent Substrate (Millipore, Bedford, MA, USA) and visualised with ChemiImager 5500 (Alpha Innotech, CA, USA).
Statistics
All data are shown as mean ± SD unless stated otherwise. Statistic comparisons were done by using an ANOVA or in case of paired comparison of two groups a paired t-test. Po0.05 was considered to be significant.
Results
Apoptosis induction by oxidative stress
In the first set of experiments, induction of apoptosis by a transient 5 min lasting exposure to OH radicals was studied by Annexin V labelling. There was a concentration-and time-dependent effect of OH radicals on apoptosis rate. The maximum apoptosis rate was achieved 6 h after radical exposure. While the 1 Â concentration did not exert any detectable increase in apoptosis rate, the maximum of apoptosis rate (11.8 ± 1.7%; n ¼ 3) was found at the 3 Â concentration after 6 h. With respect to this result, all further experiments were carried out with a 6 h follow-up (details and statistics in Figure 1 ). 
Eye
The same apoptosis rate in dependence on radical concentration was observed using TUNEL labelling ( Figure 2 ). Comparable to the values obtained after 6 h using Annexin V labelling, the TUNEL labelling showed after 6 h at the 3 Â radical concentration an apoptosis rate of 12.2±1.5% (n ¼ 3).
Apoptosis inhibition by epo
To show that epo should be in general able to stimulate RPE cells, the presence of the epo receptor was confirmed by western blotting (Figure 3 ). To test the protective effect of epo on RPE cells, two application protocols were used. In one protocol, the cell culture was pre-incubated with epo for 24 or 1 h before radical exposure. In the second protocol, epo was applied shortly after the OH-radical treatment. Epo concentrations between 1 and 100 U ml À1 were used. The apoptosis rate after OH-radical exposure is clearly decreased by epo in both application protocols. The maximum reduction of apoptosis was 88% and was achieved at 5 U ml
À1
. Interestingly, at higher concentrations the protective effect of epo was reduced when the cells were pre-incubated with epo, but not when epo was applied after the OH-radical exposure. Data and statistics are summarised in Figure 4 .
Discussion
This study confirms the hypothesis that epo can prevent apoptosis induced by oxygen-free radicals. Astonishingly, epo was effective even when applied after the cellular intoxication with OH radicals. This makes it particularly attractive for therapeutic applications. Compared with the antioxidative approaches, the protection provided by epo to the RPE appears to be more efficient. 11 Most of the earlier attempts to protect RPE cells from free radical-induced injury were based on scavenging the free radicals. The results of these attempts could not be confirmed in laboratory investigations and clinical trials. Ascorbic acid, for example, has in conjunction with oxidative stress toxic effects on RPE cells at low, more physiologically, or pharmacologically relevant concentrations. 11 Pyruvate, another potent oxygen-free radical scavenger, shows similar properties. 11 In clinical studies, the AREDS trial showed only slight beneficial effects of an antioxidative therapy in some ARMD subpopulations. 6 These differences observed in antioxidative therapies are discussed to result from an uncontrolled intervention in the antioxidative defence network of the cells. 13 In this study, it could be shown that RPE cells express the epo receptor and that stimulation of RPE cells with epo either before radical exposure or shortly after radical exposure could remarkably reduce apoptosis rates. However, this study cannot answer the question how epo acts in RPE cells. The fact, that epo is still efficient when applied after the radical exposure implies a specific cellular mechanism that does not involve a simple scavenging effect of the epo molecule. As RPE cells according to the results of this study express the epo receptor, the receptor might be most likely the starting point for the signal-transduction pathway, which is responsible for the epo effect. Future studies will be necessary to characterise the underlying cellular signal transduction in RPE cells. In other tissues the antiapoptotic effect of epo is reported to be mediated by activation of the Janus Tyrosine Kinase 2 (JAK-2), which phosphorylates proteins of the signal transducer and transcription (STAT) family. 14, 15 Particularly STAT5 is thought to play an important role in stimulating antiapoptotic proteins such as Bcl-X L and Bcl-2.
16 JAK-2 activates beside STAT5 NF-kB, which contributes to neuroprotection in neurons. Although neither the JAK-2/STAT nor the NF-kB pathway is investigated systematically in RPE cells, there are some data published indicating a JAK-2 activation by epo in RPE cells, which protects cells against light damage. 17 The authors would suggest to take an involvement of these pathways into account for conception of future work on epo at the RPE.
Interestingly, the protective effect of epo gets lost at higher concentrations of epo, but only if applied before radical exposure and not if applied after radical exposure. There is no conclusive explanation for this observation up to now. In BOSC-23T cells, it was shown that stimulation of the epo receptor results in a downregulation of the epo-mediated signalling cascade by dephosphorylation of the epo receptor by protein tyrosine phosphateases. 18 Such a mechanism might also be present at the RPE, but has not been investigated yet. Thus, one might speculate that higher concentrations of epo lead in the present experiments to modifications at the receptor or in the downstream signalling cascade, which have an inactivating effect on the antiapoptotic processes controlled by epo.
Like in this study at the RPE, epo has been identified as a trophic factor on other tissues, including kidney, brain, and retina, in the past. 7, 9, 10 This has led to the consideration of epo in the therapy of stroke patients with the aim to reduce the collateral neuronal damage. 19 It was furthermore shown that epo preserves cognitive function in schizophrenic patients. 20 In experimental models of retinal degeneration epo has been shown to provide successful protection. 8 A recent study by a Chinese group indicates in accordance with the present work protective properties of epo at light-exposed RPE cells. 17 This study and the present results show a rationale for further experiments investigating the trophic and protective effects of epo on the RPE in vivo.
Of course, a direct application of the presented results of this in vitro study to the in vivo situation has to be done with care. Although ARPE-19 cells are used as a kind of standard cell culture model for RPE and it was shown that several features of the primary RPE cells are preserved in this cell line, RPE in vivo might behave differently. 1 Future research should be focused on the identification of potential fields of therapeutic indications for epo. The first step will be a systematic evaluation of epo in different animal models, for example, for ARMD, ocular vascular diseases, and retinal degeneration. The authors feel that dry ARMD would be one of the most challenging and promising fields as primary apoptosis of RPE cells play a crucial role in the pathogenesis of this disease. Special attention has to be paid to angiogenic properties of epo. 21, 22 In conjunction with ARMD this might promote the switch from a dry to a wet ARMD. Furthermore, the dependency of the epo effect from the time point of administration arises the need to characterise the critical time point for epo administration more precise to figure out optimal treatment conditions. In addition, the mode of administration has to be investigated. There are no data available on the bioavailability of systemically given epo at the retina or the RPE. In times of large-scale intravitreal injections, it appears to be obvious to apply epo intravitreally, which allows targeting at quite defined intraocular concentrations. Recently, it has been shown in animal experiments that intravitreal injections of epo are safe and efficient. 23, 24 In summary, this study introduces a new approach how to protect RPE cells against the effects of oxidative stress without touching the delicate antioxidative defence network of the cells.
